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Electrophilic aldehyde (4-hydroxynonenal; 4-HNE), formed after lipid peroxidation, is a mediator of mito
chondrial dysfunction and implicated in both the pathogenesis and the progression of cardiovascular disease.
Manganese superoxide dismutase (MnSOD), a nuclear-encoded antioxidant enzyme, catalyzes the dismutation of
superoxide radicals (O•2 ) in mitochondria. To study the role of MnSOD in the myocardium, we generated a
cardiomyocyte-specific SOD2 (SOD2Δ) deficient mouse strain. Unlike global SOD2 knockout mice, SOD2Δ mice
reached adolescence; however, they die at ~4 months of age due to heart failure. Ultrastructural analysis of
SOD2Δ hearts revealed altered mitochondrial architecture, with prominent disruption of the cristae and vacuole
formation. Noninvasive echocardiographic measurements in SOD2Δ mice showed dilated cardiomyopathic fea
tures such as decreased ejection fraction and fractional shortening along with increased left ventricular internal
diameter. An increased incidence of ventricular tachycardia was observed during electrophysiological studies of
the heart in SOD2Δ mice. Oxidative phosphorylation (OXPHOS) measurement using a Seahorse XF analyzer in
SOD2Δ neonatal cardiomyocytes and adult cardiac mitochondria displayed reduced O2 consumption, particularly
during basal conditions and after the addition of FCCP (H+ ionophore/uncoupler), compared to that in SOD2fl
hearts. Measurement of extracellular acidification (ECAR) to examine glycolysis in these cells showed a pattern
precisely opposite that of the oxygen consumption rate (OCR) among SOD2Δ mice compared to their SOD2fl
littermates. Analysis of the activity of the electron transport chain complex identified a reduction in Complex I
and Complex V activity in SOD2Δ compared to SOD2fl mice. We demonstrated that a deficiency of SOD2 in
creases reactive oxygen species (ROS), leading to subsequent overproduction of 4-HNE inside mitochondria.
Mechanistically, proteins in the mitochondrial respiratory chain complex and TCA cycle (NDUFS2, SDHA,
ATP5B, and DLD) were the target of 4-HNE adduction in SOD2Δ hearts. Our findings suggest that the SOD2
mediated 4-HNE signaling nexus may play an important role in cardiomyopathy.

1. Introduction
Dilated cardiomyopathy (DCM), a significant risk factor for heart
failure, is characterized by enlargement of the left ventricle with
impaired systolic function in the absence of underlying systemic

conditions such as hypertension, valvular heart disease, or coronary
artery disease [1]. Both genetic and non-genetic factors are associated
with this disease, and evidence suggests that various proteins located in
the mitochondria responsible for energy metabolism and other functions
are involved in its initiation and progression [2]. Recently, a SOD2
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homozygous variant was identified as a causative factor for lethal
dilated cardiomyopathy in humans where the homozygous missense
variant, c.542 g > t, p. (gly181Val), was observed in the SOD2 gene. This
points to the potential role played by oxidative stress in the etiology and
pathogenesis of dilated cardiomyopathy [3].
Mitochondria perform several roles to maintain cellular function.
They are producers of ATP, involved in cellular Ca2+ homeostasis, and
mediate apoptosis. The electron transport chain, comprising five mul
tiprotein complexes (I–V), is embedded in the inner mitochondrial
membrane, and a series of electron transfers and H+ translocation occurs
via the actions of these complexes to generate ATP. In addition, mito
chondria are a major contributor to the generation of reactive oxygen
species (ROS) via the respiratory complex under physiological condi
tions [4,5]. Mitochondrial abnormalities related to ROS production,
mitochondrial bioenergetics, mitochondrial dynamics, and the mito
chondrial ability to buffer ions have been linked to heart failure. Given
that mitochondrial bioenergetics and ROS are closely related, it is
imperative to address these aspects of mitochondrial dysfunction
together to understand the mechanism of heart failure [6]. The inner
mitochondrial membrane is made up of a unique phospholipid called
cardiolipin; mammalian cardiolipin occurs in the form of the dimer
tetralinoleoyl CL (L4CL). Owing to the polyunsaturated fatty acid nature
of L4CL and its proximity to the mitochondrial respiratory complex, it is
highly susceptible to lipid peroxidation, which leads to the formation of
a reactive aldehyde known as 4-hydroxynoneal (4-HNE) [7]. Depending
upon the concentration, 4-HNE can be detrimental or beneficial to the
cell; however, at pathological concentrations, it can cause cellular death
[8].
Manganese superoxide dismutase (SOD2 or MnSOD), a mitochon
drial matrix-based antioxidant enzyme, is responsible for scavenging
locally produced free radicals. It converts these free radicals into
hydrogen peroxide and then into water with the help of catalase, per
oxiredoxins (Prxs), or glutathione peroxidases (GPx), for survival [9].
Global knockout mice devoid of SOD2 died around 10 days after birth
due to complications from dilated cardiomyopathy, metabolic acidosis,
and lipid deposition in skeletal muscle and liver [10]. Given the short
life span of global knockout mice, we generated conditional
cardiomyocyte-specific knockout mice to help us better understand the
underlying pathogenesis of heart failure.
In this study, we found that cardiomyocyte-specific SOD2 knockout
causes a characteristic feature in mice, dilated cardiomyopathy, and
subsequent death due to heart failure. We also observed that SOD2
deficiency in cardiomyocytes leads to the overproduction of intra
mitochondrial 4-HNE. This overabundant 4-HNE binds to the proteins of
the mitochondrial respiratory complex and TCA cycle, thereby causing
decreased mitochondrial respiration.

P1=CGAGGGGCATCTAGTGGAGAAG, P2 = TTAGGGCTCAGGTTTGT
CCAGAA, and P4 = AGCTTGGCTGGACGTAA. P1 and P2 were used for
wild type and P1 and P4 for flox genotyping. CRE1 = GCGGTC
TGGCAGTAAAAACTATC and CRE2 = GTGAAACAGCATTGCTG
TCACTT were used for genotyping Cre recombinase. The PCR was car
ried out using a thermocycler (PTC-200 MJ Research).
2.2. Echocardiography and electrophysiological studies
Mice were anesthetized with isoflurane (0.8%) and the fur from the
mid-neckline to the mid-chest level was removed using a hair remover
(Nair). Transthoracic echocardiography was carried out on both SOD2fl
and SOD2Δ mice using a 30 MHz probe with Vevo 3100 Ultrasonograph
(VisualSonics). The echocardiography procedures were performed in
mice while maintaining heart rate, respiratory rate, and body temper
ature within standard limits. Ventricular dimensions were measured on
M-mode images. The formula [(LVID; d - LVID; s) ÷ LVID; d] x 100 was
used to calculate percent fractional shortening (%FS). Electrophysio
logical studies were performed in mice, as previously described [13].
Four-month-old SOD2fl and SOD2Δ mice were used for the study. After
mice were anesthetized using isoflurane, a catheter inserted through the
right jugular vein was advanced down to the right atrium and ventricle.
Data were analyzed and obtained with computer-based software (Pow
erLab 16/30; ADI Instruments).
2.3. RNA isolation and quantitative PCR
The RNeasy mini kit (Qiagen, Chatsworth, CA) procedure was fol
lowed according to the manufacturer’s instructions to isolate total RNA
from mouse hearts. A High-Capacity cDNA Reverse Transcription kit
(4368814, Applied Biosystems, Foster City, CA) was used for the cDNA
preparation. Taqman fast advanced master mix (4444556, Applied
Biosystems, Foster City, CA) was used for the mRNA master mix prep
aration, and the mRNA levels were measured using the ViiA7 system
(Applied Biosystems). Quant Studio™ Real-Time PCR Software v1.3 was
used to analyze the threshold cycles (CT) and the amplification of
mRNA. The fold-change in expression was calculated using the 2-ΔΔCT
method with 18 S RNA as the endogenous control [13].
2.4. Neonatal cardiomyocyte isolation and mitochondrial bioenergetics
Neonatal cardiomyocyte isolation was performed according to the
protocol given by Ehler et al. [14]. Briefly, 1- to 2-day-old pup hearts
were isolated under sterile conditions. Ventricular tissue was minced
and then digested using media containing collagenase. Other cells, such
as fibroblast and endothelial cells, were separated from the car
diomyocytes by centrifuging at 300 RPM for 5 min and pre-plating the
cells. The neonatal cardiomyocytes obtained were plated in
gelatin-coated Seahorse XF microplates for OCR (oxygen consumption
rate) and ECAR (extracellular acidification rate) measurement. The
mitochondrial isolation was performed according to the method
described in Chandra et al. [13], where different batches of mitochon
dria or cells came from the same littermates. A Seahorse Extracellular
Flux (XF-24) analyzer (Seahorse Bioscience, Chicopee, MA) was used to
analyze the OCR and ECAR from isolated mitochondria and neonatal
cardiomyocytes, as previously described [13]. Briefly, the OCR was
measured following sequential addition of oligomycin (1 μg/mL), FCCP
(0.5 μM), and rotenone + antimycin A (1 μM). ECAR was conducted in
media lacking glucose with the sequential addition of glucose (25 mM),
oligomycin (1 μg/mL), and 2-deoxyglucose (25 mM). Both OCR and
ECAR values were normalized to the total protein content from the
corresponding wells and expressed in pmol/min/μg protein and
mpH/min/μg protein, respectively.

2. Material and methods
2.1. Cardiac-specific deletion of SOD2 in mice
All the animal handling protocols were approved by the IACUC,
Louisiana State University Health Sciences Center-Shreveport, and per
formed in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. The production and initial
characterization of mice carrying a conditional allele of SOD2 (SOD2fl)
was performed as described previously [11]. Ten generations of SOD2fl
mice were back-crossed with C57Bl/6 mice to ensure a stable genotype.
SOD2fl mice were crossed with C57Bl/6 mice expressing Cre recombi
nase controlled under a cardiac-specific alpha-myosin heavy chain
promoter (Myh6-Cre) [12] to generate cardiac-specific SOD2Δ mice.
Mating of homozygous SOD2fl with SOD2Δ mice yielded 50% SOD2Δ
offspring with less than 2% mortality at birth. The mice were fed Purina
5058 rodent chow and water ad libitum and housed in HEPA-filtered air
rooms with 12-h light/dark cycles. Mouse genotyping was carried out
using DNA samples obtained from tail snips and the PCR primers
2
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Fig. 1. Generation, genotyping, and confirmation of SOD2Δ mice. A, strategy for generating cardiac-specific alpha myosin-heavy chain SOD2 knockout mice. i) The
SOD2 genomic structure containing exon 3 (upper) was replaced by a targeting Neo cassette in the expected homologous recombination (lox allele) (lower). ii) After
complete Cre-mediated recombination (SOD2Δ), the Neo cassette and exon 3 were excised from the genome. B, PCR of DNA (left) obtained from mouse tail snips was
screened for the totally recombined allele; orphan loxP, 350 bp (fl), and the Cre allele, 200 bp. SOD2 mRNA expression (right) was measured in heart tissue from
SOD2fl and SOD2Δ mice and reported relative to values in SOD2fl heart tissue (mean ± SD from n = 5 animals per genotype, *P < 0.001). C, Western blotting of heart
lysate demonstrates SOD2 protein expression in SOD2fl and SOD2Δ with β-actin used as a loading control. SOD2 expression was normalized to β-actin staining (n = 3
animals) and presented as mean ± SD in arbitrary units in which the density of SOD2 in the SOD2fl samples was set to 1. *P < 0.05 by t-test vs. control. D,
Immunofluorescence staining of heart section stained with antibody to SOD2 (red) and Troponin I (green) (upper) from SOD2fl mice where the arrow indicates SOD2
in cardiomyocytes. SOD2 and Troponin I immunofluorescence (lower) in SOD2Δ heart where the arrow indicates SOD2 in other cells. Nuclei were counterstained
with DAPI (blue). Note that SOD2 is not apparent in cardiomyocytes from SOD2Δ hearts. The result is representative of three independent experiments. Scale bar =
50 μm. E, Kaplan-Meier analysis of survival probabilities for the SOD2Δ (n = 85) versus the SOD2fl (n = 91) mice. F, The heart of a 4-month-old SOD2Δ mouse is
significantly larger than that of a SOD2fl mouse (scale in mm). Quantification of LV mass and HW/BW of SOD2fl and SOD2Δ mice. G, Quantification of electro
physiology studies, atrial fibrillation (AF), atrial effective refractory period (AERP), ventricular tachycardia (VT), and ventricular effective refractory period (VERP)
of SOD2Δ vs. SOD2fl mice heart (n = 6, *P < 0.01). H, RT-PCR shows fold differences in the mRNA of Nppa and Nppb with the value of SOD2fl defined as 1 (mean ±
SD, n = 5 each). *P < 0.001 compared to control. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 1. (continued).

2.5. Histology, immunohistochemistry and electron microscopy

10% goat serum. Images were acquired with a Leica TCS SP5 Confocal
microscope and processed using LAS AF SP5 acquisition software. For
electron microscopic analysis, left ventricles were collected and fixed
with 2% glutaraldehyde (Sigma) followed by 2% PFA in 0.2 M sodium
cacodylate (pH 7.4; Sigma) and incubated overnight at 4 ◦ C. Tissues
were post-fixed with 1% osmium tetroxide (EM Sciences) in 0.2 M so
dium cacodylate (pH 7.4) with a 2 h incubation at 4 ◦ C. A Hitachi
transmission electron microscope was used to image the tissue sections.

For histological analysis, hearts from 4-month-old mice were
collected, fixed in formalin, and embedded in paraffin. The mouse hearts
were cut in 5-μm sections and stained with Masson’s trichrome or He
matoxylin and Eosin. For immunohistochemistry studies, hearts
embedded in OCT were sectioned and fixed with ice-cold methanol,
followed by permeabilization (0.1% Triton x100) and blocked using
4
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Fig. 2. Cardiac dysfunction was exhibited in SOD2Δ mice. A, Representative Hematoxylin and Eosin-stained heart tissue (LV) from SOD2Δ as compared to their
SOD2fl littermates. Sarcomere disruption is indicated by *. Scale bar = 100 μm. B, Masson’s trichrome-staining image (upper) of SOD2fl and SOD2Δ heart section (LV).
Arrow indicates fibrosis in heart tissue. Scale bars = 100 μm. Quantification of cardiac fibrosis area from Masson’s trichrome-stained heart sections (lower). All
analyses were carried out in 4-month-old mice. Values are the means ± SD (n = 5). *P < 0.05 vs. control group. C, Transmission electron micrograph of 4-month-old
5
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myocardium (LV) from SOD2Δ mice as compared to their SOD2fl littermates. SOD2Δ myocardium showed damaged mitochondria (Mi) with disorganization of cristae
(C) and vacuole formation (V) in SOD2Δ as compared to SOD2fl. Scale bar = 500 nm. D, Quantification of superoxide dismutase (SOD2), CuZnSOD, catalase, and
glutathione peroxidase activity (n = 5, *P < 0.001). Assessment of GSH, GSSG, and GSH/GSSG from heart tissue of SOD2Δ vs. SOD2fl mice. E, Superoxide generation
was analyzed using HPLC after staining myocardial tissue with a dihydroethidium fluorescence probe (left). Quantification of mitochondrial superoxide by HPLC
after staining with (MitoSOX Red) from mitochondria of heart tissue SOD2Δ vs. SOD2fl (right). *P < 0.001 compared to control. Mitochondrial homogenate from
SOD2Δ mice showed significantly increased total HNE adducted protein compared to SOD2fl. Left, absolute values of HNE-bound protein levels by slot blot gel
analysis. Middle, the normalized % increase of HNE adducted protein in SOD2Δ vs. SOD2fl (n = 5). *P < 0.001 compared to control. Cardiolipin level of isolated
mitochondria from SOD2Δ vs. SOD2fl mice heart (right) (n = 5). *P < 0.05 compared to control. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

2.6. Superoxide measurement and activity assays

production of cardiomyocyte-specific SOD2 knockout mice.

Superoxide measurement in heart tissues was carried out using highperformance liquid chromatography (HPLC) systems coupled with
UV–vis and fluorescence detectors. For mitochondrial superoxide mea
surements, MitoSOX™ Red (Invitrogen) was used as previously
described [13]. SOD2 activity was assessed using the methods described
by Spitz and Oberley (1989) where the Nitro Blue Tetrazolium
(NBT)-bathocuproine sulfonate (Sigma) reduction inhibition method
was used. Complex I, ATP synthase, DLD, and SDHA activity were
measured based upon the procedures of Yan et al. and Zhao et al. [15,
16]. 4-HNE bound proteins were detected as previously described [16].
Glutathione measurements were detected as previously described [17].
Cardiolipin was measured from isolated mitochondria from heart tissue
using a Cardiolipin Assay Kit (Sigma) according to the protocol provided
by the manufacturer.

3.2. Mice lacking SOD2 in their cardiomyocytes have shorter life spans
and abnormal heart morphology
Unlike global SOD2 knockout mice, SOD2Δ mice were viable and
fertile. All mice were able to reach adulthood; however, most of them
had a short life span of ~4 months (Fig. 1E). Gross morphological
analysis of hearts from these mice showed enlargement, indicating
dilated cardiomyopathy (Fig. 1F). The left ventricular (LV) mass and
heart weight/body weight (HW/BW) ratio were also significantly
elevated in SOD2Δ compared to SOD2fl control mice (Fig. 1F). Electro
physiological studies done in SOD2Δ mice showed shorter ventricular
effective refractory periods (VERP) compared to those in their SOD2fl
littermates. These mice also had a higher incidence of inducible ven
tricular tachycardia (VT) without any increase in the incidence of atrial
fibrillation (AF) or atrial effective refractory periods (AERP) when
compared to the controls (Fig. 1G). Natriuretic peptides A and B (Nppa
and Nppb) are secreted by the myocardium in response to cardiomyop
athy, so we measured their levels in the failing SOD2Δ hearts. As shown
in Fig. 1H, an increase in the expression of these cardiomyocyte stressresponse genes was observed. Cardiac tissue samples from 4-monthold mice were stained with Hematoxylin and Eosin (Fig. 2A) to
compare the myocardium. SOD2Δ hearts exhibited sarcomere disarray,
whereas SOD2fl hearts had no abnormalities (Fig. 2A). Cardiac fibrosis
with deposition of connective tissue collagen matrix was assessed by
performing Masson’s trichome staining. The examination of Masson’s
trichome-stained heart sections demonstrated fibrosis in the SOD2Δ
mice (Fig. 2B). Transmission electron microscopy of myocardium
showed normal mitochondrial architecture in SOD2fl hearts, whereas
SOD2Δ mitochondria appeared to have vacuole formation with promi
nent disruption of the cristae and rupture of the double membrane
(Fig. 2C). Together, these results suggest that SOD2 is essential for car
diac function, and its lack leads to dilated cardiomyopathy and heart
failure.

2.7. Statistical analysis
Unless otherwise stated, data are reported as mean ± standard de
viation (SD) for all groups. In vitro studies were repeated a minimum of
three times. The unpaired Student’s t-test was used to identify significant
differences between groups. Statistical analysis was performed using
Graphpad prism 8.0. A P-value of less than 0.05 was considered to be
statistically significant.
3. Results
3.1. Generation of cardiac-specific SOD2 knockout mice
Cardiomyocyte-specific SOD2 knockout mice (SOD2Δ) were gener
ated by targeting exon 3 of the SOD2 locus (Fig. 1A) [11]. SOD2fl mice
with three loxP sites, where two flanking Neor and a third lox P were
inserted at an intron between exon 3 and 4 of the SOD2 locus, were
crossed with mice expressing Cre recombinase under the control of the
cardiac-specific alpha-myosin heavy chain promoter (Myh6-Cre) [12] to
generate conditional SOD2-deficient mice (Fig. 1A). Mice were geno
typed using DNA extracted from a tail snip of wild type, SOD2fl, and
SOD2Δ mice. The wild-type allele was amplified using primers P1 and
P2, producing a 500 bp product; the floxed allele was amplified using
primers P1 and P4, producing a 350 bp product. Wild-type mice were
identified by a single band at a 500 bp without a Cre band at 200 bp,
SOD2fl mice had a flox band at a 350 bp without a Cre band at 200 bp,
and the SOD2Δ mice were differentiated from flox mice by the presence
of a Cre band at 200 bp (Fig. 1B). RT-PCR carried out with the cardiac
tissue of SOD2Δ mice revealed SOD2 mRNA expression to be negligible
compared to that in SOD2fl mice (Fig. 1B). Immunoblot analysis was
performed in the myocardial tissue of SOD2fl and SOD2Δ mice to confirm
SOD2 protein expression. We detected negligible protein expression of
SOD2 in SOD2Δ mice compared to that in SOD2fl heart lysates (Fig. 1C),
suggesting a sizeable contribution of SOD2 from cardiomyocytes.
Immunohistochemical analysis of heart tissue indicated that SOD2 was
not present in cardiomyocytes (Fig. 1D). The remaining SOD2 expression
in the heart of SOD2Δ mice is likely to be from endothelial, fibroblast, or
other cells. Thus, the deletion of exon 3 of the SOD2 gene resulted in the
substantial lack of protein in SOD2Δ, indicating the successful

3.3. Quenching of ROS blunted due to ablation of SOD2
4-HNE is a highly reactive, toxic aldehyde produced when ROS react
with lipids such as cardiolipin, a phospholipid located exclusively in the
inner mitochondrial membrane [18–21]. Thus, we investigated whether
cardiomyocytes deficient in the mitochondrial-based antioxidant SOD2
experience an increase in superoxide, promoting the intramitochondrial
formation of 4-HNE. SOD2 activity was drastically reduced in the hearts
of SOD2Δ mice as compared to those of SOD2fl mice, without any
alteration in the activity of CuZnSOD, catalase, or glutathione peroxi
dase (Fig. 2D). We also investigated whether the loss of SOD2 alters GSH
and GSSG at the cellular level. GSH, GSSG, and GSH/GSSG ratio in
SOD2Δ heart tissue did not significantly differ from the SOD2fl mice
(Fig. 2D). As expected, when superoxide was measured in the tissue and
in the isolated mitochondria from SOD2Δ hearts, it was found at levels
more than 3-fold higher than those in SOD2fl mice (Fig. 2E). Mito
chondria isolated from SOD2Δ hearts displayed an increase in both ab
solute and percentile 4-HNE adducted protein compared to those of
hearts from control mice. The cardiolipin levels were approximately
2-fold lower in the hearts of SOD2Δ mice (Fig. 2E). These results indicate
6
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Fig. 2. (continued).
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Fig. 3. Echocardiographic indices of contracting SOD2Δ mouse hearts (n = 6) (A–I). A, Representative M-mode images of SOD2fl and SOD2Δ heart. B, systolic left
ventricular internal diameter (LVID; s). C, diastolic left ventricular internal diameter (LVID; d). D, percentage fractional shortening (%FS). E, left ventricular systolic
volume (LV Vol; s). F, left ventricular diastolic volume (LV Vol; d). G, % ejection fraction. H, systolic intraventricular septum diameter (IVS; s). I, diastolic intra
ventricular septum diameter (IVS; d).*P < 0.05 compared to control.
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that SOD2 dependent ROS generation leads to the 4-HNE formation in
mitochondria.

and a reduction in the activity of the mitochondrial complex promp
ted us to determine whether these mitochondrial complex-forming
proteins are potentially responsible for 4-HNE adduction. In the mito
chondria of SOD2Δ mice, immunoprecipitation of 4-HNE followed by
Western blot analysis showed an increase in NDUFS2, SDHA, ATP5B,
and DLD. Although Western blot analyses were carried out using both
whole heart lysate and mitochondrial lysate, we did not observe any
change in protein expression (Fig. 6A; Fig. S2).

3.4. Ablation of SOD2 in cardiomyocytes triggers dilation and impairs
cardiac function in mice
Prompted by the evidence of mortality and the gross and ultra
structural analysis of heart tissue suggestive of the presence of dilated
cardiomyopathy in SOD2Δ mice, we performed echocardiography.
Echocardiography has been established as an essential tool not only for
diagnosis but also for understanding the pathogenesis of dilated car
diomyopathy [22]. Transthoracic M-mode echocardiography of SOD2Δ
heart tissue (Fig. 3A) demonstrated an increase in left ventricle internal
diameter during systole (LVID; s) and diastole (LVID; d) (Fig. 3B–C)
accompanied by systolic dysfunction, with a significant reduction in
percentage fractional shortening (%FS) and percentage ejection fraction
(%EF) (Fig. 3D and G, respectively) compared to measurements in
SOD2fl mice. Results also showed increased LV volumes during systole
(LV Vol; s) and diastole (LV Vol; d) in SOD2Δ mice (Fig. 3E–F). SOD2
deficient mice also showed decreased intraventricular septum diameter
during systole (IVS; s) and intraventricular septum diameter during
diastole (IVS; d) (Fig. 3H–I). All of the above results confirmed dilated
cardiomyopathy in SOD2Δ mice.

4. Discussion
Although the global homozygous knockout of SOD2 has been shown
to cause cardiac pathology [10], it remains unclear whether these de
fects are caused by combined SOD2 deficiencies in different cells, or
whether a deficiency in cardiomyocytes alone is capable of causing
dilated cardiomyopathy. Recently, it has been shown that the homozy
gous variant in the SOD2 gene causes fatal dilated cardiomyopathy, but
the associated mechanism in the pathogenesis of DCM was not
completely investigated [3]. Therefore, for the first time, we generated
cardiomyocyte-specific SOD2Δ mice using the Cre-lox system (Fig. 1); it
is possible that these mice will be used as an important tool to under
stand lethal dilated cardiomyopathy in humans. In this study, we
demonstrated that a loss of SOD2 in cardiomyocytes leads to cardiac
oxidative stress with the generation of intramitochondrial 4-HNE
accompanied by adduction with the proteins of the respiratory chain
complex and TCA cycle, mitochondrial dysfunction, fibrosis, and a
functional impact on the mitochondrial respiratory complex.
Cardiomyocyte-specific SOD2 knockout mice had shorter life spans
(Fig. 1E) and died due to complications of dilated cardiomyopathy.
SOD2Δ heart tissue displayed distinct histological abnormalities,
including sarcomere disarray, elevated fibrosis, and abnormal mito
chondrial architecture compared to the tissues of SOD2fl mice. Trans
mission electron microscopy was used to visualize vacuole formation
along with prominent disruption in the cristae in the mitochondria of
knockout mice (Fig. 2). M-mode echocardiography analysis of heart
tissue from SOD2Δ mice showed a reduction in percentage ejection
fraction (%EF) and fractional shortening (%FS) along with increased left
ventricular internal diameter (Fig. 3), which is consistent with the
characteristic feature of dilated cardiomyopathy seen in other mouse
models [23,24]. Levels of the natriuretic peptides Nppa (ANF) and Nppb
(BNP), diagnostic markers for cardiac hypertrophy, and heart failure,
were also increased in these mice [25]. Increased incidence of ventric
ular arrhythmias has been seen in patients with dilated cardiomyopathy
[26,27]; therefore, we carried out an electrophysiology study in which
mice were subjected to inducible arrhythmia. The results showed an
increased occurrence of ventricular tachycardia and a shorter ventric
ular refractive period in knockout mice (Fig. 1G). It is possible that the
ventricular tachycardia observed in our knockout mice could be attrib
uted to ventricular fibrosis [28].
The robust increase in levels of ROS in isolated SOD2Δ mitochondria
was not compensated by enhancement of the response of other antiox
idants such as CuZnSOD, catalase, glutathione peroxidase, or by the
levels of glutathione. Only weak levels of compensatory activity in the
antioxidant system are observed with SOD2 deficiency, as has been
observed previously in the brain, liver, and skeletal muscle-specific
SOD2 knockouts [10,29–33]. Instead, it led to a lipid peroxidation re
action, and accumulation of 4-HNE inside the mitochondria (Fig. 2E),
which, when assessed using the anti-4HNE antibody, indicated disrup
tion in the redox balance and further damage to the mitochondria. These
findings suggest that precise compartmentalization of oxidative stress is
sequestrated in mitochondria with minimal leaks to the cytoplasm,
which is cleared by cytosol SOD1. When superoxide reacts with the
lipid-like cardiolipin, it initiates a cascade generating reactive alde
hydes, among which 4-HNE is considered to be both stable and highly
toxic, which is why it has been subjected to investigation in various
heart-related diseases [34–36]. 4-HNE can modulate signaling by the

3.5. Loss of SOD2 in cardiomyocytes shifts energy metabolism from
mitochondrial to glycolytic respiration
SOD2 deficiency caused changes in mitochondrial ultrastructure and
also led to the formation of toxic aldehyde inside mitochondria; there
fore, we sought to identify its effect on energy metabolism and used a
Seahorse XF-24 analyzer to measure oxygen consumption and the
extracellular acidification rate. For this, we isolated mitochondria from
the myocardium of ~4-month-old SOD2Δ and SOD2fl mice. The quality
of mitochondrial isolation was excellent in both the mice strains as
indicated by no changes in the activity of fumarase, a mitochondrial
enzyme, in the hearts of SOD2Δ mice (548 ± 19.6 mU/mg) or their
SOD2fl (564 ± 18.7 mU/mg) littermates. Although there was a decrease
in OCR during basal conditions and after the addition of the uncoupler
FCCP, there was no significant change in OCR after the addition of the
complex V inhibitor oligomycin, or the Complex I and III inhibitors
Rotenone and Antimycin, respectively (Fig. 4A–B). The resulting data
showed a significant reduction in ATP turnover and maximum respira
tion and spare respiratory capacity in mitochondria of SOD2Δ compared
to SOD2fl heart tissue (Fig. 4C). We isolated neonatal cardiomyocytes
from the SOD2Δ hearts to measure both OCR and ECAR. OCR measured
in neonatal cardiomyocytes showed a pattern similar to that of mito
chondria isolated from SOD2Δ hearts (Fig. 5A–C). We also measured
glycolysis and glycolytic reserve with the Seahorse XF-24 analyzer to
determine glycolysis. SOD2Δ cardiomyocytes showed a drastic increase
in both glycolysis and glycolytic reserve compared to SOD2fl car
diomyocytes (Fig. 5D). The compensatory increase in glycolysis could be
attributed to impairment in mitochondrial respiration.
3.6. 3.6 Impairment in mitochondrial complex I and V activity in
cardiomyocyte-specific SOD2 knockout mice
To gain solid evidence concerning the status of the respiratory
complex activity, we extracted mitochondria from both SOD2Δ and
SOD2fl myocardium. Results from the activity assay showed a decrease
in the activities of Complex I and Complex V without any change in the
activities of SDHA or DLD (Fig. S1).
3.7. The relationship between 4-HNE adducts and mitochondrial
respiratory chain complex proteins
The finding that a deficiency in SOD2 caused an increase in 4-HNE
9
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Fig. 4. Mitochondrial bioenergetics in SOD2Δ mouse hearts. A and B, the graphs represent oxygen consumption rate (OCR) measurements in isolated mitochondria
of SOD2Δ vs. SOD2fl hearts at baseline and after sequential addition of oligomycin, FCCP, and Antimycin A + Rotenone. The OCR value is expressed as pmol/min/μg
of protein. C, spare respiratory capacity, ATP turnover, and maximum respiration were significantly reduced in SOD2Δ mice. All values are mean ± SD (n = 6). *P <
0.001 as compared to control (SOD2fl).
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Fig. 5. OCR and ECAR assay in neonatal cardiomyocytes from of SOD2Δ and SOD2fl mice. A and B, OCR measurement after sequential addition of oligomycin, FCCP,
and Antimycin A + Rotenone. C, Mitochondrial respiration, including spare respiratory capacity, ATP turnover, and maximum respiration, were significantly
decreased in SOD2Δ mice. D, ECAR was measured in neonatal cardiomyocytes over time; the graph represents glycolysis and glycolytic reserve. All values are mean
± SD (n = 5). *P < 0.001 as compared to control (SOD2fl).

11

S. Sharma et al.

Redox Biology 37 (2020) 101740

Fig. 5. (continued).

adduction of critical cellular components, such as proteins and nucleic
acids, and inducing apoptosis of the cell. The amino acids cysteine,
lysine, and histidine are targeted by 4-HNE adduction, which could lead
to protein inactivation, changes in protein function, and protein
cross-linking [37–40]. A decrease in cardiolipin in our knockout mice
(Fig. 2E) is consistent, as reported with dilated cardiomyopathy and
heart failure [41–43].
Under physiological conditions, oxidative phosphorylation
(OXPHOS) contributes 95% of the ATP generation in the heart [44]. The
shift in metabolism from OXPHOS to glycolysis observed in the mito
chondria and neonatal cardiomyocytes (Figs. 4–5) of our knockout mice
support the finding that during certain cardiac pathological conditions
[45], a switch in substrate utilization from fatty acid to glucose occurs
that mimics the physiological state in neonatal cardiomyocytes. A
reduction in the activity of the mitochondrial respiratory complex was
observed in human dilated cardiomyopathy and in other mouse models
of cardiomyopathy [46–48]. Although we saw a decrease in Complex I
and Complex V activities, it was noteworthy that we did not see a
decrease in the activity of SDHA, which is part of Complex II and DLD
(Fig. S1). This could be due to differences in the amino acid site where
4-HNE modification occurs and proportional to the number of adducts
formed [49]. We recently reported that 4-HNE mediated adduction with
AIFm2 on His 174 switch protein function, while adduction on Cys 187
did not change [37].
With respect to the previous finding, we wanted to further explore
the role of 4-HNE and its effect on different protein subunits of the
respiratory complex and TCA cycle. Therefore, we conducted Western
blot analysis of proteins after immunoprecipitation reaction with the 4HNE antibody. NDUFS2, the third-largest, highly conserved subunit of
Complex I, is encoded by a nuclear gene; mutation in this gene has been
linked to cardiomyopathy, encephalomyopathy, and Leigh Syndrome
[50–52]. Complex II, also known as succinate dehydrogenase, is a het
erotetrameric protein consisting of four subunits: SDHA, SDHB, SDHC,
and SDHD. It performs a dual function: it oxidizes succinate to fumarate
in the Kreb’s cycle and reduces ubiquinone to ubiquinol, thereby
transferring electrons in the electron transport chain [53]. In a mass
spectrometric study to find 4-HNE proteins carried out in different

cardiac oxidative stress models, such as doxorubicin injection, over
expression of MAO-A oxidase revealed that overexpression of several
mitochondrial proteins is involved in functions such as mitoCa2+
transport and mitochondrial bioenergetics. Consistent with the results
from these studies, which demonstrated that the respiratory complex
proteins NDUFS2 and SDHA are targets of 4-HNE [16,54], we found that
both proteins were also modified by 4-HNE in our SOD2Δ mice with
dilated cardiomyopathy.
ATP synthase, the fifth complex of the respiratory chain is respon
sible for generating ATP from ADP, and inorganic phosphate is
composed of F1 catalytic domain and F0 membrane-bound domain
connected by central and peripheral stalk [55]. Subunit ATP5B was
found to be adducted by 4-HNE after treatment with doxorubicin in
cardiomyocytes [16]. A decrease in Complex V activity in our knockout
mice could be attributed to the adduction of ATP5B by 4-HNE, which is
one of the subunits of the catalytic F1 domain.
Dihydrolipoamide dehydrogenase (DLD) is a component of 3 multi
enzyme complexes: pyruvate dehydrogenase complex (PDC), α-keto
glutarate dehydrogenase complex (KDC), and branched-chain
α-ketoacid dehydrogenase complex (BCKDC) [56]. Based on the finding
that 4-HNE targets DLD [57], we first performed immunoprecipitation
reactions using an anti-4-HNE antibody followed by Western blot
analysis to show 4-HNE adduction to DLD. This demonstrated that
4-HNE also interferes with an enzyme involved in the TCA cycle in our
knockout mice.
Taken together, the results from our study demonstrate that a defi
ciency of SOD2 in cardiomyocytes alone is capable of causing mito
chondrial dysfunction and subsequent death due to heart failure. Also,
SOD2 dependent ROS generation triggers 4-HNE formation inside
mitochondria, which causes modification of the proteins involved in
oxidative phosphorylation and the TCA cycle. Our findings suggest that
the SOD2 mediated 4-HNE signaling nexus could play an important role
in cardiomyopathy. Therefore, therapy for heart failure should target
decreasing the aldehyde overload, thereby protecting mitochondrial
bioenergetics.
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Fig. 6. Representative immunoblots showing the
interaction of 4HNE with the proteins of the respira
tory complex and TCA cycle. A, murine heart ho
mogenates from SOD2fl and SOD2Δ mice were
immunoprecipitated with mouse 4-HNE antibody
(lanes 1 & 2) or mouse IgG antibody (lanes 5 & 6) as a
control. Total heart homogenates (20 μg) from IP
samples were loaded in lanes 3 and 4. The immuno
precipitates were immunoblotted (IB) with antibodies
specific for the indicated proteins (upper). Quantifi
cation of immunoprecipitate with mouse 4-HNE
antibody (lower). All values are mean ± SD (n = 4).
*P < 0.001 as compared to control (SOD2fl).
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